An update of the reference correlation for the viscosity of ethane [J. Phys. Chem. Ref. Data 44, 043101 (2015)] was developed because recently a new zero-density viscosity correlation based on theoretically calculated values of the dilute-gas viscosity became available.
44, 043101 (2015)] was developed because recently a new zero-density viscosity correlation based on theoretically calculated values of the dilute-gas viscosity became available.
The original zero-density contribution was replaced, and the generation of the complete viscosity correlation was repeated using the residual viscosity concept and a state-of-theart linear optimization algorithm. A contribution for the critical enhancement was again included, so that a total of 18 coefficients resulted for the final formulation. The viscosity in the limit of zero density is now described with an expanded uncertainty of 0.3% (coverage factor k = 2) in the temperature range 250 ≤ T /K ≤ 700 and of 1.0% at temperatures 90 ≤ T /K < 250 and 700 < T /K ≤ 1200. The updated complete viscosity correlation is valid in the fluid region from the melting line to 675 K and 100 MPa. The uncertainty of the correlation amounts to 1.5% at temperatures 290 ≤ T /K ≤ 430 and at pressures to 30 MPa based on very reliable data. The uncertainty of the correlated values is increased to 4.0% in the range 95 ≤ T /K ≤ 500 at pressures to 55 MPa, for which further primary data exist. In the region in which no experimental data are available, but the reference equation of state of Bücker and Wagner is valid, the uncertainty is estimated to be 6.0%. The uncertainty in the near-critical region rises with decreasing temperature up to 3% when taking into account the available data.
Introduction
Very recently, Hellmann 1 published reference values for the dilute-gas shear viscosity coefficient of ethane (C 2 H 6 , R-170), which were calculated using a state-of-the-art intermolecular potential energy surface and the classical kinetic theory of polyatomic gases. The potential energy surface was based on high-level quantum-chemical ab initio calculations, but was additionally fine-tuned to very reliable experimental data of the second virial coefficient of ethane. Hellmann compared the computed viscosity values, which correspond to the limit of zero density, with highly accurate experimental data, [2] [3] [4] [5] with a recommended reference value of Berg and Moldover at 298.15 K, 6 and with the zero-density contribution of the reference correlation for the viscosity of ethane 7 from 2015 (in which two of the present authors were involved), and found excellent agreement. Then, he developed a correlation based solely on his calculated viscosity values and recommended it for practical applications in the low-density gas phase. He estimated that the expanded uncertainty (coverage factor k = 2) of his η 0 correlation was 0.3% in the temperature range 250 ≤ T /K ≤ 700 and 1.0% at temperatures 90 ≤ T /K < 250 and 700 < T /K ≤ 1200. Hellmann stated that the expanded uncertainty estimated for the η 0 contribution of the 2015 reference correlation (see next paragraph) was in accordance with the deviations from his η 0 correlation. Furthermore, he showed in Fig. 9 of Ref. 1 that the zero-density contribution of Ref. 7 appropriately extrapolates to low temperatures, but not to high temperatures, at which the viscosity goes through an unphysical maximum at 1143 K. In contrast, the recommended η 0 correlation of Hellmann extrapolates in a reasonable manner down to 0 K as well as up to at least 6000 K.
For calculations in chemical engineering, thermophysical properties of fluids including the density ρ and the viscosity η can be obtained using software packages like REFPROP from NIST. 8 In the case of ethane, REFPROP recommends the reference equation of state by Bücker and Wagner 9 from 2006 and the viscosity formulation from 2015. 7 The latter is based on the residual quantity concept and consists of three contributions:
where η 0 is the viscosity in the limit of zero density, which is only a function of the reciprocal reduced temperature τ = T c /T , while η R is the residual viscosity and η c the critical enhancement of the viscosity, both functions of τ and of the reduced density δ = ρ/ρ c . Here, T c is the critical temperature and ρ c the critical density. The viscosity formulation is valid in the fluid region from the melting line to temperatures of 675 K and pressures of 100 MPa and resulted in 14 coefficients for the respective contributions, in which two are related to η 0 . The viscosity in the limit of zero density was described with an expanded uncertainty of 0.5% for temperatures 290 < T /K < 625, increasing to 1.0% at temperatures down to 212 K and to 6.0% below 212 K and above 625 K.
The calculations of Hellmann 1 had not yet been extended to ethane when the viscosity formulation 7 was generated. The approach used for modelling the zero-density viscosity was characterized by pure fitting without a strong theoretical basis. η 0 was separately pretreated to establish its temperature dependence, since the experimental data in the limit of zero density were characterized by very low standard uncertainties. Due to this pretreatment, the zero-density contribution could, in principle, be substituted by the new correlation proposed by Hellmann.
However, some inconsistencies, particularly at low and high temperatures of the validity range of the complete correlation, result when employing the improved zero-density contribution of Hellmann. Consequently, in this update of the 2015 viscosity correlation for the whole fluid region, the optimization of the contributions for the residual viscosity and for the critical enhancement was performed again, with the zero-density correlation of Hellmann considered to be fixed.
The change in the slightly improved contributions is comparatively small, so that we avoid presenting once more those parts of the previous report 7 which remained practically unaltered with regard to contents. This concerns the selection and evaluation of the primary experimental data sets, particularly in the near-critical region (see Tables 1 and 2 We restrict this paper to the methodology of developing the updated viscosity correlation, to its comparison with the primary experimental data used for its development, to viscosity values for 4 its computer-program verification, as well as to its validity range and to its estimated expanded uncertainties.
Development of New Correlation
The zero-density contribution of the previous viscosity correlation 7 was deduced from a bank of terms which consisted of a polynomial in the reciprocal reduced temperature τ with negative integer exponents to be able to apply the same reduction for the temperature as defined in the bank of terms for the total viscosity. The functional form of η 0 was formulated as
and considered to be a virtually fixed separate term in the optimization of the correlation for the total viscosity.
The zero-density correlation of Hellmann 1 is given as
This correlation can be written using the reciprocal reduced temperature τ and the critical temperature T c as
To generate the formulation for the total viscosity, a comprehensive bank of terms was established to consider the dependence of the viscosity on temperature and density. The final correlation was deduced by means of an optimization algorithm based on minimizing the sum of linear least squares and originally developed by Setzmann and Wagner. 14 The bank of terms was formulated as
As already stated, the η 0 (τ) correlation of Hellmann 1 according to Eqs. (5) and (6) was applied as the first summand of Eq. (7). The second and third summands of Eq. (7), using double polynomials in reciprocal reduced temperature τ and reduced density δ in which the third one additionally includes exponential factors of the reduced density, correspond to the residual viscosity η R . The last summand depicts the critical enhancement of the viscosity. The parameters γ m and ζ m were chosen to be unity, while the fluid-specific parameters β m and ε m were preselected in an iterative way by trial and error. Within the framework of the optimization procedure, an optimum set of terms which gives the best representation of the selected experimental data was determined together with the appropriate coefficients n i j , n kl , and n m .
As described in Ref. 7 , the primary data sets 2,5,15-24 with ρ ≥ 1 kg m −3 (see Table 1 in Ref. 7) and three viscosity values as constraints in the hypothetical two-phase region were utilized for developing the complete viscosity correlation starting with Eq. (7). Note that the weighting factors for the viscosity data of the first supercritical isotherm 305.64 K of Iwasaki and Takahashi 2 and of the two measurement series at 307.15 K of Seibt et al. 24 in the density ranges 170 ≤ ρ/kg m −3 ≤ 235 and 160 ≤ ρ/kg m −3 ≤ 209, respectively, were multiplied by 0.5 to prevent an overestimation of these data, which are distinguished by a noticeable critical enhancement. The final viscosity correlation for ethane is represented by
The reciprocal reduced temperature τ and the reduced density δ were obtained with the critical constants T c = 305.322 K and ρ c = 206.18 kg m −3 taken from the reference equation of state by
Bücker and Wagner. 9 The coefficients h i of the zero-density contribution η 0 (τ), or more precisely of the generalized cross section S η (τ) according to Eq. (6), were adopted from Ref . 1 and are given, for convenience, in Table 1 . The remaining coefficients n i and the exponents t i and d i of Eq. (8) inferred with the optimization algorithm as well as the preselected parameters β i and ε i are listed in Table 2 .
Comparison with Employed Primary Experimental Data
In Fig. 1 , the viscosity data of Kestin and co-workers [15] [16] [17] [18] measured for the dilute gas at atmospheric pressure are compared with the complete viscosity correlation comprised of Eqs. (5), (6), and (8) including the coefficients, exponents, and further parameters listed in Tables 1 and TABLE 1 6 and the zero-density contribution of the previous viscosity correlation. 7 Near room temperature, the data of Hendl and at densities 140 ≤ ρ/kg m −3 ≤ 260 were classified to be secondary due to the experimental difficulties in regions of high isothermal compressibility and thermal expansion coefficients (see Table   2 in Ref. 7). They were excluded from the correlation and are also not shown in the figure. The deviations of the remaining primary experimental data of the isotherms 310 K and 320 K amount to −1.1% at most, in which most points are described within the mentioned standard uncertainty. The +8.3% at most. They point to large uncertainties of measuring temperature and/or pressure, so that the accuracy of the computed gaseous and vapor densities distinctly deteriorated when approaching the phase boundary. At still higher densities up to ρ = 455 kg m −3 , the data of Carmichael and Sage (except for two points) are described within ±2.5% in accordance with the estimated uncertainty of 2.5%. The data of Swift et al., 19 measured with a falling-cylinder viscometer in the liquid phase including the saturated liquid, result in deviations within ±2.5% (apart from one data point).
They do not exceed the standard uncertainty of 2.5% expected for this method of measurement.
In the liquid range at high densities ρ ≥ 350 kg m −3 , the data of Diller and Saber, 22 determined by means of an oscillating-quartz crystal viscometer, are represented by the viscosity correlation with deviations not exceeding ±2.5% (apart from four data points), in accordance with the uncertainty of 2.5% for these measurements. The data of Diller and Saber, obtained in the gaseous and vapor phases at higher temperatures up to 320 K and at densities ρ ≤ 350 kg m −3 , are characterized by consistently positive deviations of up to +6.9%, with the largest ones occurring at quite low density. Finally, the data of Diller and Ely, 23 measured with an oscillating-quartz crystal viscometer at 295 K in the liquid phase and at supercritical temperatures up to 500 K, reveal large deviations up to +5.2% at low densities ρ ≤ 80 kg m −3 . In the range 80 < ρ/kg m −3 < 300, the deviations still amount to +3.8%, whereas they attain at most +3.1% at higher densities ρ ≤ 478 kg m −3 .
However, the uncertainty of 2.5% is only exceeded by a few deviations, with nearly all being positive.
Overall, the deviations of the primary experimental data at higher densities from the new correlation are quite similar to the respective deviations from the previous correlation as can be seen by 4. Computer-Program Verication, Validity Range, and Uncertainty Estimates Table 3 facilitates verification of computer programs for the computation of viscosity, applying
Eqs. (5), (6), and (8) using the tabulated temperatures T and densities ρ. Figure 3 illustrates the validity range of the newly generated viscosity correlation. Its temperature range is in accordance with that of the reference equation of state of Bücker and Wagner, 9 but not with respect to pressure, which is limited to 100 MPa instead of 1000 MPa. The application of the η 0 correlation of Hellmann 1 improves the expanded uncertainty (coverage factor k = 2) of the viscosity correlation at very low densities to 0.3% at temperatures 250 ≤ T /K ≤ 700 and to 1.0%
at 90 ≤ T /K < 250 and 700 < T /K ≤ 1200. There is a close connection between the critically assessed primary experimental viscosity data of Table 1 which the data of Iwasaki and Takahashi, 2 of Wilhelm et al., 5 and of Seibt et al. 24 are situated, an expanded uncertainty of 1.5% is assumed. In the near-critical region 1.001 < T /T c < 1.010 and 0.8 < ρ/ρ c < 1.2, the expanded uncertainty is estimated to be 3.0%, increasing with decreasing temperature. In those parts of the validity range in which the primary experimental data of Refs. 19-23, characterized by larger experimental standard uncertainties of 2.5%, were applied when generating the correlation, an expanded uncertainty of 4.0% can be expected, resulting from an amplification by a factor of 1.6 in accordance with the deviations of these data from the new viscosity correlation. The expanded uncertainty is enhanced to 6.0% in those regions in which primary viscosity data do not exist but the reference equation of state is still valid.
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Summary and Conclusions
The updated viscosity correlation is based on the residual quantity concept. The zero-density correlation of Hellmann, 1 developed on the basis of theoretically calculated low-density viscosity values, was used as substitute for the previous zero-density contribution (see Ref. 7) . The employed five terms were considered to be fixed.
The separate pretreatment of the contribution for the critical enhancement was adopted from
Ref. 7 to facilitate the determination of appropriate terms for this contribution. In doing so, the experimental data in the near-critical region of Iwasaki and Takahashi The application of the η 0 correlation of Hellmann 1 improves the expanded uncertainty (cover-14 age factor k = 2) of the correlation at very low densities to 0.3% at temperatures 250 ≤ T /K ≤ 700 and to 1.0% at 90 ≤ T /K < 250 and 700 < T /K ≤ 1200. The estimated expanded uncertainties are lower in those regions in which data of low experimental uncertainty exist, namely the vapor phase at subcritical temperatures T ≥ 290 K (1.5%), the supercritical thermodynamic region (1.5%), and the near-critical region (3.0%). In the range of primary data with higher experimental uncertainties and in regions without primary data in which only the reference equation of state is valid, the expanded uncertainty is increased to 4.0% and 6.0%, respectively.
